Primary cervical cancer screening by cytological examination of cervical cells with a Pap test has reduced the incidence of cervical cancer in countries with organized screening programs ( 1 , 2 ). However, several studies have shown that cytology has a limited sensitivity for detecting high-grade cervical intraepithelial neoplasia (CIN), the precursor of cervical cancer ( 3 , 4 ). Infection with high-risk types of human papillomavirus (HPV) is the major cause of cervical cancer ( 5 , 6 ), and several cross-sectional studies ( 4 , 7 , 8 ) have reported that HPV DNA testing is more sensitive than cytology in detecting high-grade CIN. Thus far, in most countries
that screen for cervical cancer, including the United States, HPV DNA testing has been used as a triage test for women who have a cytological diagnosis of atypical squamous cells of undetermined significance (ASCUS) ( 9 , 10 ) . In the United States, HPV DNA testing has also been accepted as an adjunct to cytology in primary screening for women aged 30 years or older on the basis of results from cohort studies ( 11 , 12 ) . Several randomized controlled trials have been conducted to compare the efficacy of HPV DNA -based primary screening with that of screening by cytology for the detection of cervical cancer ( 4 , 13 -18 ) . Data from these trials indicate that HPV DNA -based screening has higher sensitivity than cytology-based screening (ie, it detects more high-grade CIN lesions) but lower specificity ( 4 , 13 , 15 -18 ) . The lower specificity of HPV DNA -based testing compared with cytology in primary screening has raised concerns that HPV DNA -based screening will lead to unnecessary testing and follow-up for many women ( 16 ) . However, it is possible that alternative screening strategies that combine cytology and HPV DNA testing may have greater specificity than those tested in these trials ( 15 , 17 , 18 ) .
We used data from the intervention arm of Swedescreen ( 16 , 19 ) , a randomized trial in Sweden of HPV DNA testing as an add-on to primary cervical cancer screening by cytology, to explore the effi cacy of 11 different screening strategies that are based on HPV DNA testing alone, cytology alone, and HPV DNA testing combined with cytology.
Subjects and Methods

Study Design
Swedescreen is a population-based randomized controlled trial of HPV DNA testing in primary cervical cancer screening that was conducted within the Swedish organized screening program from 1997 through 2005. The structure of the trial has been described in detail elsewhere ( 16 , 19 ) . In brief, women aged 32 -38 years who lived in one of five Swedish cities (Stockholm, Uppsala, Malmö, Umeå, or Gothenburg) and had taken part in the organized Swedish cervical cancer screening program between May 1997 and December 2000 were invited to participate in Swedescreen. A total of 12 527 women gave verbal consent to participate in the study; each of these women had baseline cervical samples taken with a cytological brush. The brush was first used to prepare a Pap smear and was then swirled in 1 mL of sterile 0.9% sodium chloride to release the remaining cells, which were then frozen. The women were then randomly allocated in a 1:1 ratio to either the intervention arm (in which a Pap smear and HPV DNA testing were performed on the baseline screening samples; n = 6257 women) or the control arm (in which only a Pap smear was performed, and the frozen samples were stored for future use; n = 6270 women). Random assignment was conducted by an independent institute (the Cancer Registry of Stockholm) using computer-generated random numbers. The primary aim of the trial was to investigate if screening with cytology in combination with screening for persistent type-specific HPV infection reduced the incidence of highgrade CIN compared with cytology alone ( 16 ) . A secondary aim of the trial, and the subject of this report, was to investigate the crosssectional efficacy of HPV DNA testing, cytology, and combinations of the two in the detection of CIN grade 2 or worse [CIN2+, defined as CIN grade 2 (CIN2) or CIN grade 3 (CIN3), adenocarcinoma in situ or invasive cervical cancer ( 20 ) ]. We did not include women from the control arm of the randomized trial in this analysis because only women with abnormal cytology were followed up in the control arm ( 16 ) . All of the 6257 women who were randomly assigned to the intervention arm were included in this analysis ( Figure 1 ). Women with abnormal Pap smears were followed up according to regional routine practices. For example, in Stockholm, all women with an abnormal Pap smear (defined as ASCUS or a more severe cytological diagnosis) were immediately referred for a routine colposcopy. For women in Uppsala, Malmö, Umeå, and Gothenburg, a repeat Pap smear was an option in cases of ASCUS or CIN grade 1 (CIN1). Cytological diagnoses followed the older North American system described by Koss ( 20 ) . A Pap smear with koilocytosis but no other cytological changes was considered abnormal cytology in Umeå and Gothenburg and normal cytology in Stockholm, Uppsala, and Malmö. Women in the intervention arm who had normal cytology and a positive HPV DNA test at enrollment were invited to undergo a second cervical HPV DNA
CONTEXT AND CAVEATS
Prior knowledge
Data from randomized controlled trials comparing the efficacy of human papillomavirus (HPV) DNA -based primary cervical screening with that of screening by cytology for the prevention of cervical cancer indicate that the former has higher sensitivity than the latter (ie, it detects more high-grade cervical intraepithelial neoplasia lesions) but lower specificity, raising concerns that HPV DNAbased primary screening could lead to unnecessary testing and follow-up for many women. Alternative combinations of cytology and HPV DNA testing -based screening strategies may have greater specificity than those tested in these trials.
Study design
Data from the intervention arm of a randomized trial of HPV DNA testing as an add-on to primary cervical cancer screening by cytology were used to explore the efficacy of 11 different screening strategies based on HPV DNA testing alone, cytology alone, and HPV DNA testing combined with cytology.
Contribution
Primary HPV DNA testing followed by triaging with cytology and screening for persistent HPV type-specific infection had a considerably higher sensitivity for detecting cervical intraepithelial neoplasia grade 3 or worse than screening by cytology alone and led to only a modest increase in the number of screening tests and referrals.
Implications
Using HPV DNA testing as primary screening followed by cytological triage and repeat HPV DNA testing of women with normal cytology who are HPV DNA positive after at least 1 year is a feasible strategy in primary cervical screening.
Limitations
The study population was limited to women aged 32 -38 years. Not all women in the cohort were referred to colposcopy.
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test and Pap smear at least 1 year after enrollment ( Figure 1 ) . Women who were found to be persistently positive for the same HPV type at the second HPV DNA test were invited to undergo a study protocol -defined colposcopy. The exact number of women who did not attend follow-up as well as all protocol violations are reported in detail elsewhere ( 16 ) .
At the study protocol -defi ned colposcopy, ectocervical biopsy specimens were taken from all lesions that were white after acetic acid application or iodine negative. If the colposcopy was normal (ie, no such lesions were seen), two biopsy specimens were taken at the 12-o ' clock and 6-o'clock positions on the ectocervix, close to the squamocolumnar cell junction and subjected to histopathologic analysis. Both the women and the clinical personnel were unaware of the results of HPV DNA testing and cytology for women who were referred to the protocol colposcopy. All women were followed up by linkage with regional cytology and pathology registries as well as with the national cytology registry using the unique personal identifi cation numbers that are assigned to all Swedish residents. These registries contain data on all Pap smears and biopsy specimens taken in Sweden, both within and outside of the organized screening program. Histological samples with abnormal diagnoses that were taken outside the study protocol as well as all biopsy specimens taken at the protocol-defi ned colposcopies were reevaluated by an expert pathologist (W. Ryd) who was unaware of the HPV DNA status and randomization status of the women. When the diagnosis on reevaluation differed from the original diagnosis by more than one level of severity (eg, CIN3 instead of CIN1), the diagnosis was adjudicated by a second expert pathologist (Dr Ann-Mari Jakobsen, Department of Pathology and Clinical Cytology, Sahlgrenska University Hospital, Gothenburg, Sweden), who was also unaware of the HPV DNA and random assignment status of the women. The expert-rereviewed diagnoses were used as the fi nal diagnoses in this analysis. When the archival specimens could not be located, the original diagnoses were used.
The Swedescreen study was approved by the ethics board of the Karolinska Institute, which specifi ed the consent procedure, in which all participants gave verbal consent after having received written information. The Swedescreen trial is registered with ClinicalTrials.gov as NCT00479375.
HPV DNA Testing
All frozen cervical cell samples from women in the intervention arm were thawed and tested for HPV DNA with a polymerase chain reaction (PCR) -based enzyme immunoassay in which HPV DNA was detected by amplification of a part of the L1 gene of HPV using GP5+ and GP6+ general PCR primer s, followed by hybridization with a cocktail with type-specific probes for the high-risk HPV types 16, 18, 31, 33, 35, 39, 45 , 51, 52, 56, 58, 59, 66, and 68 ( 21 , 22 ) . Cut-point criteria for positivity were defined before the start of the study ( 21 , 22 ) . The human ␤ -globin ( HBB ) gene was amplified in parallel in a separate PCR assay to assess the DNA quality of the specimen ( 22 ) . An analysis for the 14 individual HPV types was performed by reverse dot blot hybridization using recombinant type-specific HPV plasmids on all HPV PCR -positive samples, as previously described ( 23 ) . In cases where the reverse dot blot hybridization was negative (no hybridization visible), the HPV type was determined by cloning and DNA sequencing. Only samples that were confirmed to be positive for any of the 14 high-risk types by reverse dot blot hybridization or DNA sequence analysis were classified as HPV DNA positive.
Statistical Analysis
All histologically verified cases of CIN2+ detected within 6 months after Swedescreen trial enrollment or at the protocol colposcopy performed on women with a persistent type-specific HPV infection were included in this cross-sectional analysis. Women who did not have a CIN2+ lesion recorded in the registries as well as women who had not had a biopsy or a colposcopy performed were classified as women who did not have a high-grade CIN lesion. Women who had a cytological diagnosis of ASCUS or worse (ie, ASCUS, atypical glandular cells of uncertain significance [AGUS], CIN1, CIN2, CIN3, invasive cancer, or adenocarcinoma in situ) were classified as having abnormal cytology. This cutoff was chosen so that our results would be comparable with those of other studies ( 4 , 13 -15 , 17 ) even though koilocytosis as an ancillary diagnosis in normal smears had been classified as abnormal cytology warranting follow-up in two of the cities (Umeå and Gothenburg).
We evaluated the sensitivity, specifi city, positive predictive value (PPV), and negative predictive value (NPV) of HPV DNA testing and cytology among women who had adequate HPV DNA and cytology tests at baseline. Separate analyses were performed using histologically confi rmed CIN2+ and histologically confi rmed CIN3 or worse (ie, CIN3+) as endpoints. We compared the effi cacydefi ned as the sensitivity (proportion of CIN2+ or CIN3+ detected), PPV, and the number of screening tests required -of 10 different screening strategies involving HPV DNA testing with that of primary screening with cytology only. The PPV describes the proportion of test-positive women who actually have the disease being screened for. We used the total number of screening tests and the number of tests needed to detect one case of CIN2+ and CIN3+ as indicators of the cost-effectiveness of a screening strategy. We considered the following screening strategies: 1) a single HPV DNA test; 2) an HPV DNA test in combination with cytology (either as the primary test or as triage); 3) screening for persistent type-specifi c HPV infection; and 4) screening for specifi c high-risk HPV types. We explored two different strategies to screen for specifi c high-risk HPV types: testing for HPV types 16, 31, and 33, which were previously found to confer a higher risk for future CIN2+ than other HPV types in this population ( 24 ) , and testing for HPV types 16 and 18, which in other cohort studies ( 25 , 26 ) were found to confer a particularly high risk for the development of CIN3+. All proportions were calculated with exact 95% binominal confi dence intervals (CIs). We compared the effi cacy of different screening strategies by calculating risk ratios with 95% confi dence interval.
We performed sensitivity analyses to account for 1) the impact of nonattending women (ie, HPV DNA -positive women with normal cytology who did not have a second HPV test, women with persistent type-specifi c HPV infections who did not have a colposcopy, and women with a cytological diagnosis of ASCUS or worse who did not have a follow-up biopsy recorded in the pathological registries within 6 months after enrollment) and 2) the impact of women who had inadequate or missing screening tests at enrollment. The observed probabilities of CIN2+ among women with adequate screening tests and of having positive or negative screening tests among women with adequate test results were calculated and used to estimate the risk of CIN2+ among nonattending women and women with missing or inadequate screening tests. In these sensitivity analyses, we considered several scenarios, including ones in which we assumed that nonattending women had the same or higher risk of CIN2+ compared with women who attended screening, and that women with inadequate or missing screening test results had the same or higher risk of having a positive HPV DNA test or cytology than that observed among women with adequate test results ( 27 ) .
The Swedescreen trial had a power of 80%, at a statistical signifi cance level of .05, to detect at least a 50% decrease in the incidence of CIN2+ during the next screening round, assuming that the 3-year cumulative incidence of CIN2+ among women in this age group was 1.0% ( 16 ) . This study was able to estimate a relative sensitivity to detect CIN3+ of primary HPV screening compared with cytology of 1.30 with a 95% CI of 1.09 to 1.54 and relative PPV of 0.44 with a 95% CI of 0.30 to 0.64 (power estimated using the delta method) ( 28 ) . All statistical tests were two-sided.
Results
Of the 6257 women assigned to the intervention arm of Swedescreen and included in this analysis, 6194 (99.0%) had an adequate baseline Pap smear recorded in the cytology registries ( Table 1 , Figure 1 ). Among women with adequate Pap smears, 146 (2.3%) had a cytological diagnosis of ASCUS or worse. Of the 6257 women included in this analysis, 6089 (97.3%) had an adequate HPV DNA test at enrollment (defined as positive for PCR amplification of the HBB gene), and 7.1% of these women were HPV DNA positive. The prevalence of HPV DNA increased with increasing cytological severity, from 5.4% in women with normal cytology to 86.5% in women with CIN2+ ( P trend < .001).
Of the 87 CIN2+ diagnoses, 37 were CIN2, 50 were CIN3+, and 81 were based on histopathologic rereview. Table 2 presents the sensitivity, specifi city, PPV, and NPV of cytology and HPV DNA testing for histologically confi rmed CIN2+ and CIN3+. The sensitivity of HPV DNA testing for detecting CIN3+ was 96.0% (95% CI = 86.3% to 99.5%), whereas the sensitivity of cytology was 74.0% (95% CI = 59.7% to 85.4%). With CIN3+ as the endpoint, the specifi city of cytology was 98.2% (95% CI = 97.9% to 98.5%) and that of HPV testing was 93.6% (95% CI = 93.0% to 94.2%). The PPV of cytology for CIN3+ was 25.3% (95% CI = 18.5% to 33.2%), and the PPV of HPV DNA testing for CIN3+ was 11.1% (95% CI = 8.3% to 14.4%). The NPV of HPV DNA testing for CIN3+ was 99.96% (95% CI = 99.87% to 100.0%), and the PPV of cytology for CIN3+ was 99.79% (95% CI = 99.63% to 99.89%). There was no substantial change in the sensitivity, specifi city, or NPV of HPV DNA testing or cytology when CIN2+ was the endpoint. However, the PPVs of cytology and HPV DNA testing for CIN2+ increased to 42.5% (95% CI = 34.3% to 50.9%) and 19.2% (95% CI = 15.6% to 23.2%), respectively.
We next compared the sensitivity and PPV of different HPV DNA -based screening strategies for detecting CIN2+ and CIN3+ lesions with that of screening by cytology only ( Table 3 ) . Compared with screening by cytology only, cytological screening in combination with HPV DNA screening for persistent type-specifi c HPV infection (ie, the screening strategy used in the intervention arm of the Swedescreen trial according to the study protocol) resulted in a 40% increase (95% CI = 23% to 60%) in the sensitivity to detect CIN2+ lesions and 35% increase (95% CI = 15% to 60%) in the sensitivity to detect CIN3+ lesions without a statistically signifi cant decrease in the PPV (relative PPV = 0.76, 95% CI = 0.52 to 1.10) ( Table 3 ). However, this screening strategy resulted in 105% more screening tests performed (defi ned as either an HPV DNA test or a Pap smear) compared with cytology only (12 839 vs 6257 tests), and 46% and 52% more screening tests per detected case of CIN2+ and CIN3+, respectively, compared with cytology alone. By contrast, compared with cytology alone, screening by a single HPV DNA test did not increase the total number of tests performed and reduced the number of screening tests needed to detect one case of CIN2+ and one case of CIN3+ by 25% and 23%, respectively. In addition, compared with cytology alone, screening by a single HPV DNA test increased the sensitivity of detecting CIN2+ and CIN3+ lesions by 34% (95% CI = 16% to 54%) and 30% (95% CI = 9% to 54%), respectively, but decreased the PPV by 55% (95% CI = 41% to 76%) and 56% (95% CI = 36% to 70%), respectively. Compared with cytology, a strategy based on primary screening with HPV DNA testing followed by cytological triage and retesting of HPV DNA -positive women with normal cytology to screen for type-specifi c HPV persistence at least 1 year later resulted in a 34% increase (95% CI = 16% to 54%) in the sensitivity to detect CIN2+ lesions and a 30% increase (95% CI = 9% to 54%) increase in the sensitivity to detect CIN3+ lesions without decreasing the PPVs (eg, relative PPV for CIN3+ = 0.87, 95% CI = 0.60 to 1.26) and only marginally increased the total number of tests that were performed from 6257 to 7019 (a 12% increase). Compared with cytology, this strategy also reduced the number of screening tests required per detected case of CIN2+ or CIN3+ by 16% and 14%, respectively.
There was no difference between screening with cytology only and primary screening for HPV types 16, 31, and 33 in the sensitivity of detecting CIN2+ or CIN3+ lesions; however, the PPVs for primary screening for HPV types 16 Compared with screening by cytology only, screening for HPV 16, 31, and 33 with cytological triage of women who were infected with HPV types other than HPV 16, 31, and 33 and repeat HPV DNA testing for HPV DNA -positive women with normal cytology resulted in a 34% increase (95% CI = 16% to 54%) in the sensitivity to detect CIN2+ and 30% increase (95% CI = 9% to 54%) in the sensitivity to detect CIN3+ lesions; however, the PPVs remained lower compared with cytological screening ( Table 3 ) .
Compared with screening with cytology only, screening for HPV 16 and 18 with cytological triage of women who were infected with HPV types other than HPV 16 and 18 and repeat HPV DNA testing for HPV DNA -positive women with normal cytology resulted in increased sensitivity to detect both CIN2+ and CIN3+ lesions but a decrease in the PPVs. Primary cytology screening followed by screening for HPV types 16 and 18 or for HPV types 16, 31, and 33 in women with normal cytology both resulted in statistically signifi cantly reduced PPVs compared with cytology screening only ( Table 3 ) .
We next performed a stratifi ed analysis to investigate whether the length of time between HPV DNA testing at enrollment and the protocol colposcopy infl uenced the CIN2+ detection rate. The median time between the fi rst HPV DNA test at enrollment and the second HPV DNA test was 1.64 years (interquartile range [IQR] = 1.24 -2.32 years), and the median time between enrollment and the protocol colposcopy was 2.05 years (IQR = 1.55 -2.86 years) ( Figure 1 ) . A total of 14 CIN2+ lesions were detected at colposcopies performed up to 2.05 years after enrollment, and 14 CIN2+ lesions were detected at colposcopies performed after 2.05 years after enrollment ( P = 1.00). All of the high-grade lesions detected during routine follow-up of abnormal cytology were detected within 6 months of enrollment. Because some women with mildly abnormal cytology were not immediately referred to colposcopy but followed by repeat cytology, the resulting delay in CIN2+ detection could bias the results in favor of HPV DNA testing. To investigate this potential bias, we performed a separate analysis with an extended follow-up time that included all lesions detected within 2 years of enrollment or at the protocol colposcopies that were performed on women with a persistent HPV typespecifi c infection (a total of 98 CIN2+ and 58 CIN3+ lesions were detected). With the extended follow-up time, the sensitivity of cytology to detect CIN2+ and CIN3+ lesions was slightly reduced The frequency of inadequate tests was higher for HPV DNA testing than for cytology (2.7% vs 0.4%; P < .001). However, the frequency of inadequate HPV DNA tests was much lower for the second HPV DNA test than for the fi rst HPV DNA test (0.1% vs 2.7%; P = .01).
There were eight women with koilocytosis in otherwise-benign Pap smears, fi ve of whom were HPV DNA positive. None of them had any repeated testing within 6 months after enrollment. Seven of the women had repeated testing more than 6 months after enrollment: fi ve had benign Pap smears and two had abnormal Pap smears that were followed by a biopsy (one woman had CIN2 and one had koilocytosis).
We next examined the impact of nonattendance to follow-up testing. Of the 328 HPV DNA -positive women who had normal Pap smears, 73 (22.3%) did not attend the second HPV DNA test and Pap smear, and 19 (16.7%) of 114 women with a persistent HPV type-specifi c infection did not attend the protocol colposcopy ( Figure 1 ). There was also nonattendance in the routine practice follow-up of abnormal cytology, where the likelihood of a woman having a biopsy specimen taken during routine follow-up appeared to depend on the severity of her baseline cytology: 53 (68.8%) of 77 women with ASCUS or AGUS, 25 (78.1%) of 32 women with CIN1, and 32 (86.5%) of 37 women with CIN2+ in cytology had a cervical biopsy result in the pathology registries within 6 months of enrollment ( P trend = .06). We conducted a sensitivity analysis to assess the impact of nonattending women on the relative sensitivities of primary HPV DNA screening and primary HPV DNA screening followed by cytology triage and repeat HPV testing compared with primary cytology screening only. In the most extreme scenarios we tested (ie, when we assumed that nonattending women had a probability of having a CIN2+ lesion that was three times higher than that observed among attending women), the estimates of relative sensitivity were 1.27 and 1.78, respectively) ( Table 4 ). The assumption of differential CIN2+ risk in relation to attendance status also had limited infl uence on the relative PPV estimates ( Table 4 ) . Inadequate or missing screening results at enrollment had little effect on the relative sensitivity and relative PPV ( Table 4 ).
Discussion
We found that a cervical cancer screening strategy consisting of primary HPV DNA testing followed by triaging with cytology and screening for persistent HPV type-specific infection had a considerably higher sensitivity for detecting CIN3+ than screening by cytology alone and led to only a modest increase in the number of screening tests and referrals. The large size of the Swedescreen trial and the fact that it was nested within the population-based national cervical screening program suggest that our results are Impact of nonattendance † Probability ratio of CIN2+ in nonattending women to that in attending women with persistent type-specific HPV infection (the actual observed probability of CIN2+)
Probability ratio of CIN2+ in nonattending women to that in attending women with abnormal cytology (the actual observed probability of CIN2+) * HPV = human papillomavirus; CI = confidence interval; PPV = positive predictive value; CIN2+ = cervical intraepithelial neoplasia grade 2 or worse. † The observed probability of CIN2+ among women with adequate screening tests was used in these calculations.
robust and generalizable to organized cervical screening for women in their mid-thirties (ie, the age group included in the trial).
A major concern regarding the use of HPV DNA tests in primary cervical cancer screening has been their lower specifi city compared with cytology ( 13 -18 ) , which results in more women needing to go through unnecessary follow-up procedures, including repeat testing and colposcopy. As reported in other randomized ( 4 , 15 , 17 , 18 ) and nonrandomized ( 7 , 8 ) screening studies, we found that a one-time HPV DNA test has a lower specifi city and PPV than cytology, for both CIN2+ and CIN3+ lesions. By contrast, the screening strategy used in the intervention arm of the Swedish trial -cytological screening in combination with screening for persistent HPV type-specifi c infection -resulted in an increased sensitivity to detect CIN2+ and CIN3+ lesions compared with screening with cytology alone without a statistically significant decrease in the PPV. However, this screening strategy was costly because more than twice the number of screening tests had to be performed compared with cytology alone. Our post hoc analyses of the effi cacy of different HPV DNA -based screening strategies in combination with cytology indicate that the most effective screening strategy was primary screening with an HPV DNA test (the test used in this trial included HPV types 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59 , 66, and 68) followed by cytological triage and rescreening for persistent HPV type-specifi c infection at least 1 year later among women with normal cytology. This screening strategy resulted in an increased sensitivity to detect CIN2+ and CIN3+ lesions and maintained a high PPV and the number of screening tests performed increased by only 12% compared with conventional screening by cytology. Results of the HPV in Addition to Routine Testing study ( 29 ) also suggest that this strategy is safe. In that study, HPV DNA -positive women with normal cytology were randomly assigned to receive immediate colposcopy or to repeat HPV DNA testing and cytology 1 year later. The detection rates of CIN2+ were similar in the different randomization arms of the trial, and no CIN2+ lesion was found among women who had cleared their HPV infection.
Our study has limitations. First, our study population was limited to women aged 32 -38 years. Because transient HPV infections are more common among younger women than among older women, it has been proposed that primary screening with HPV DNA testing should be restricted to women aged 30 years or older ( 12 ) . A randomized controlled trial among Italian women aged 25 -34 years reported that primary screening with HPV DNA testing followed by cytological triage and repeat testing of HPV DNA -positive women resulted in a 58% increase in sensitivity (95% CI = 3% to 144%) to detect CIN2+ compared with screening by cytology alone without a statistically signifi cant decrease in the PPV (relative PPV = 0.78, 95% CI = 0.52 to 1.16) ( 17 ), suggesting that primary screening with HPV DNA testing followed by cytology triage and screening for persistent HPV infection is also feasible among women younger than 35 years of age. However, more studies are needed to determine the optimal screening strategies and psychosocial impact of primary HPV DNA screening among younger women.
Second, women who were negative in both cytology and HPV DNA testing, women who had cleared their HPV infection and were HPV DNA negative on repeat testing, as well as some women with a mild cytological abnormality who were followed up with repeat cytology were not referred to colposcopy. Because not all women in the cohort were referred to colposcopy, our data represent relative rather than absolute measurements of sensitivity and specifi city. However, a number of colposcopies performed at random in the control arm of the Swedescreen trial that included taking of biopsies for histopathology also in case of normal colposcopy found little cervical disease, which suggests that nonreferral of cytology-negative and HPV DNA -negative women induced limited verifi cation bias ( 19 ) .
Third, our study was nested within the routine organized screening program in Sweden, which uses the older North American cytological diagnostic system and does not consistently refer women with koilocytosis to colposcopy. According to the Bethesda cytology system ( 30 ) that is used in the United States, koilocytotic atypia is classifi ed as a low-grade squamous intraepithelial lesion that triggers referral to colposcopy. A formal exchange of reference slides between expert cytopathologists participating in Scandinavian and US studies showed that Scandinavian cytopathologists tend to rate slides as normal more frequently than US cytopathologists ( 31 ) . However, there were only eight women with koilocytosis in otherwise-normal smears in our cohort, seven of whom were followed up. Because there was only a single case of CIN2 diagnosed among these women, it is likely that lowering the threshold of cytological classifi cation to always refer women with koilocytosis would have only marginally improved the sensitivity of cytology.
Fourth, some women who were referred to follow-up testing or colposcopy did not attend these tests, and some baseline cytology and HPV DNA tests were inadequate. However, a sensitivity analysis of the effects of these limitations found our results to be robust, given that even extreme scenarios of differential CIN2+ rates according to compliance had only a modest impact on the results.
Fifth, there was a protocol violation in that 14 HPV DNApositive women with abnormal cytology had a repeat HPV DNA test and fi ve of these women also had a protocol colposcopy. However, this protocol violation is unlikely to have had a negative impact on the sensitivity or PPV of cytology because these women were subjected to additional assessment compared with that normally scheduled for women with normal cytology.
A sixth limitation is the length of follow-up time, which was shorter for women with abnormal cytology than for women with persistent HPV infection. This difference could have biased the data in favor of HPV DNA testing, in particular because follow-up with repeat cytology was an option among women who had mildly abnormal cytology. However, extending the follow-up time from 6 months to 2 years did not improve the sensitivity of cytology.
Finally, the fact that we used conventional cytology rather than modern liquid-based cytology could be considered a limitation. Liquid-based cytology facilitates the logistics of screening because the same cervical sample can be used for both cytology and HPV DNA testing. However, our study also used this split-sample design, that is, for each woman, we used one cervical sample to prepare a Pap smear and to obtain cells for HPV DNA testing. Although there is confl icting evidence regarding the effi cacy of liquid-based cytology at detecting high-grade CIN compared with that of conventional cytology, a meta-analysis ( 32 ) of all studies in which subjects were referred to colposcopy with biopsy found that liquid-based cytology did not increase the sensitivity or specifi city for CIN2+ compared with conventional cytology, although it reduced the number of inadequate samples. However, a randomized trial that was published later ( 33 ) reported increased detection of CIN2+ with liquid-based cytology compared with conventional cytology. Liquidbased cytology would simplify the logistics of HPV DNA testing with cytological triage, the screening strategy that in this study was found to have the most favorable combination of high sensitivity for CIN2+, high PPV, and low number of screening tests required.
Our identifi cation of HPV DNA screening with cytology triage as the most feasible screening strategy is at variance with results of a Canadian randomized controlled trial that argued in favor of primary HPV DNA screening only because subsequent cytological triage reduced the sensitivity to detect CIN2+ lesions from 97.4% to 57.8% ( 4 ) . However, the reduced sensitivity was balanced by a greatly reduced colposcopy referral rate (from 6.1% to 1.1% with cytological triage compared with HPV DNA testing only). In addition, the Canadian study did not include screening for persistent HPV infection among women who had normal cytology ( 4 ) .
An Italian HPV screening trial reported that combined cytology and HPV DNA screening resulted in an increased detection of CIN2+ lesions (relative sensitivity = 1.47, 95% CI = 1.03 to 2.09) but a lower PPV (relative PPV = 0.40, 95% CI = 0.23 to 0.66) compared with screening with cytology only ( 18 ) . HPV DNA testing alone resulted in a relative sensitivity of 1.43 (95% CI = 1.00 to 2.04) and relative PPV of 0.58 (95% CI = 0.33 to 0.98) compared with cytology ( 18 ) . A Finnish trial of women aged 30 -60 years who were randomly assigned to HPV DNA testing followed by cytology triage of HPV DNA -positive women or conventional screening with cytology alone found that screening with an HPV DNA test alone resulted in a statistically signifi cantly reduced specifi city and PPV compared with cytology alone, whereas HPV DNA testing with cytology triage had a specifi city and PPV similar to that of screening with cytology alone ( 15 ) . In our trial, our post hoc analysis of screening with an HPV DNA test alone or with both an HPV DNA test and cytology at baseline resulted in an increased sensitivity to detect both CIN2+ and CIN3+ lesions but a reduced PPV compared with screening with cytology only, indicating that repeated testing -either as screening for persistent HPV infection or as cytological triage of HPV DNApositive women -is needed within an HPV DNA -based screening program to reduce the number of false positives.
Our fi nding that cytology had a lower sensitivity than HPV DNA testing for detecting CIN2+ and CIN3+ lesions (approximately 70% -75% vs approximately 95%, respectively) is consistent with results from other randomized and nonrandomized studies ( 4 , 7 , 8 , 17 , 18 ) , which have shown that in developed countries, the sensitivity of HPV DNA testing for detecting CIN2+ lesions is consistently approximately 95%, whereas the sensitivity of cytology for detecting CIN2+ is highly variable depending on geographical location and the age group being screened.
The baseline prevalences of HPV DNA positivity (7.1%) and of cytological diagnosis of ASCUS or worse (2.3%) in the Swedescreen trial were similar to those in most other randomized controlled trials of HPV DNA testing. In an Italian trial of women aged 35 -60 years ( 18 ) , a Finnish trial of women aged 30 -60 years ( 15 ) , a Canadian trial of women aged 30 -69 years ( 4 ), and a Dutch trial of women aged 29 -56 years ( 34 ), the HPV prevalence ranged from 4.5% to 9.3% and the prevalence of women with abnormal cytology (ie, ASCUS or worse [except for the Finnish trial, which excluded women with ASCUS]) ranged from 1.0% to 3.6%. Hence, our results are likely to be generalizable to screening programs in several other countries. A randomized trial in England had a markedly higher prevalence of abnormal cytology than the other trials (12% among women aged 30 -49 years) ( 14 ) . In such settings, that is, where the cytology that is used has a high prevalence of abnormal fi ndings, screening strategies that are based on HPV DNA testing would be favored.
The use of HPV typing in screening is reported to provide an improved PPV for CIN2+ ( 26 ) . We have previously reported that infection with HPV 16, 31, or 33 is associated with a higher risk of developing CIN2+ than infection with other HPV types during 4 years of follow-up ( 24 ) . Similar results were reported by a Dutch prospective study ( 35 ) , which also found that HPV types 16, 31, and 33 were associated with a particularly high risk of developing highgrade CIN. Another prospective study of more than 20 000 women in Portland, Oregon that stratifi ed by HPV type only for HPV 16 and 18, reported that these HPV types were associated with a statistically signifi cantly higher risk of future CIN3+ than other HPV types ( 26 ) . It has been suggested that testing specifi cally for HPV types 16 and 18 might improve the effi cacy of HPV-based cervical screening strategies ( 24 -26 , 35 ) . We examined whether this might be the case by performing post hoc analyses of primary screening for HPV types 16, 31, and 33 as well as screening for HPV 16 and 18 only. Screening strategies that were based on testing for HPV 16, 31, and 33 or testing for 16 and 18 only, both followed by cytological triaging of women who were infected with HPV types other than those used for in the primary screen and repeat testing for persistent HPV type-specifi c infection, did result in increased sensitivity to detect CIN2+ and CIN3+ lesions but in a decreased PPV compared with primary screening by cytology. Thus, although HPV 16, 18, 31 , and 33 are clearly associated with a higher risk of CIN2+ than other HPV types ( 24 , 26 , 35 ) , it appears that a screening strategy with cytological triage of all women who are positive for any high-risk HPV type is superior to strategies that focus on the highest risk HPV types at predicting the risk of CIN2+.
In conclusion, our data indicate that using HPV DNA testing as primary screening followed by cytological triage and repeat HPV DNA testing of women with normal cytology who are HPV DNA positive after at least 1 year is a feasible strategy for incorporating HPV testing in primary cervical screening because it improves sensitivity and maintains a high PPV, thus minimizing unnecessary referrals.
